Corn production in the US Midwest has the potential to generate a large amount of crop residue for bioenergy production. However, unconstrained harvesting of crop residues is associated with a long-term decline in soil quality. Biochar applications can mitigate many of the negative effects of residue removal but data and economic analyses to support decision making are lacking. To explore sustainable and profitable practices for residue harvesting in central Iowa we used 11 years of soil, crop yield, and management data to calibrate the Agricultural Production Systems sIMulator (APSIM) biochar model. We then used the model to evaluate how different biochar types and application rates impact productivity and environmental performance of conventional corn and corn-soybean cropping systems in Iowa under different N fertilizer application rates and residue harvesting scenarios. A cost-benefit analysis was also employed to identify the economically optimal biochar application rate from both producer and societal perspectives. Modeling results showed for both continuous corn and corn-soybean rotations that as biochar application rate increased (from 0 to 90 Mg ha-1) nitrate leaching decreased (from 2.5 to 20 %) and soil carbon levels increased (from 8 to 115 %), but there was only a small impact on corn yields (from -2.6 to 0.6 %). The cost-benefit analysis revealed that public benefits, evaluated from decreased nitrate leaching and increased soil carbon levels, significantly outweighed the private revenue accrued from crop yield gains, and that a biochar application rate of 22 Mg ha-1 was more cost-effective (per ton) compared to higher biochar rates. Overall, this study found that applying biochar once at a rate of 22 Mg ha-1 allows for the sustainable annual removal of 50% of corn residue for 32 years, is profitable for farmers even with minimal impact on grain yield, and beneficial to society through reduced nitrate leaching and increased soil organic carbon levels.
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42
The US Midwest is one of the largest and most productive agricultural regions globally;
43 producing nearly one-third of the world's corn (Zea mays L.) and soybean (Glycine max L.) 44 crops (FAOSTAT, 2015) . In Iowa specifically, corn for grain is planted on nearly 5.7 million 45 hectares and soybeans on more than 3.6 million hectares (USDA NASS, 2016), covering roughly 46 80% of the landscape (Newton and Kuethe, 2015) . As the number of hectares devoted to growing corn and soybean has increased in response to rising feed, fuel, and food demand,
48
cropping system diversity has largely been eliminated (Liebman et al., 2013) . This has 49 potentially negative consequences as more diverse systems that include long-term rotations are 50 well known to have widespread benefits for soil and environmental quality (Giller et al., 1997 ; 
53
Additionally, the shift to finding alternative energy sources has meant corn residue is becoming a 54 high value product. A US Department of Energy report in 2005 estimated biomass recovered 55 from crop residues could significantly contribute to US energy production (Perlack et al., 2005) .
56
Specifically, Iowa farms produce the highest concentration of corn residue, independent of 57 management scenario, for bioenergy production nationwide (Graham et al., 2007) . However, 58 residues left in the field have many positive impacts on soil and ecosystem functioning 59 including: maintaining soil organic matter (SOM) levels, reducing soil erosion by wind and 60 water, and increasing soil microbial activity and sequestering carbon (Wilhelm et al., 2007; Lal 61 and Pimentel., 2007; Blanco-Canqui and Lal, 2009; Laird and Chang, 2013) . Soil quality and 62 long-term agricultural productivity will be negatively impacted if crop residues are continuously 63 removed in an unsustainable way (Wilhelm et al., 2004; Laird and Chang, 2013) . Some of the 64 potential negative effects of residue removal, however, could be offset through the incorporation 65 of soil amendments. Biochar, the charcoal like co-product of biomass pyrolysis, is a soil 66 amendment that can enhance soil quality and agricultural productivity while simultaneously 67 sequestering carbon (Laird et al., 2009; Lehmann and Joseph, 2015) .
69
The wide range of options for residue management and the complexity, uncertainty, and long 70 time-scales underpinning the outcome of these options makes it difficult to develop sound 71 residue management strategies for optimizing the agronomic and environmental benefits based records and periodic soil organic carbon data were available (for details see Aller et al., 2017) .
106
The overall field experiment was arranged in a completely randomized block design with split 107 plots that included five different crop rotations: continuous corn, corn-soybean, corn-soybean- increased from 214 to 250 growing degree days (GDD), 2) time from flowering to maturity was decreased from 885 to 820 GDD, 3) time from flowering to the start of grain fill was increased 166 from 150 to 170 GDD, and 4) time from maturity to ripening was increased from 1 to 180 GDD 167 (see also Table S4 ). The same corn cultivar was used in every year of the simulation. In the field, 168 different corn hybrids were used but all of them had the same relative maturity. Also, no changes 169 were made to the parameter values in the soybean, soil water, and nitrogen models.
171
The simulation process was continuous, without annual reset. A total of 96 simulations were 172 performed for the CC and CS systems, which included 48 plots with biochar and 48 plots 173 without biochar. We ran the model on a plot by plot basis because biochar was applied to 174 different subplots over a four year period, as described previously (for details see Aller et al., (Table S3 ). (2) transportation costs. We assumed that the private costs were labor and machinery expenses from 254 a one-time biochar application, plus the additional cost of nitrogen beyond the rate applied in the respective baseline scenarios for each system. We also assumed that all other corn and soybean 256 production costs were identical across the 2.75 ha field in all scenarios. The net present value of the total net benefits were calculated as the sum of the net present value 288 of the net private benefit and net public benefit. We also calculated an equivalent annualized cost 1 289 assuming a 5% discount rate and a 32-year project life. The public breakeven cost for each 290 scenario was calculated as the total net benefits divided by the quantity of biochar applied in 291 each scenario. This value represents the maximum price at which it would benefit all of society,
292
including the farmer, if the farmer applied biochar. Lastly, the potential benefits associated with 293 changes in land value were not included in the analysis. In the no-biochar plots, year-to-year variability in corn yields was simulated well by the model 15.9%, ME = 0.57).
313
In the biochar plots, model results showed satisfactory agreement between measured and 314 simulated yields following different years of biochar application (Fig. 1 ). For the CC system,
315
both measured and simulated grain yields increased following biochar application for the three 316 different years of biochar applications (2012, 2013, and 2014, see Fig. 1 ). A similar increase was 317 observed for the control plots ( Fig. 1) , however, the yield increase in the biochar plots, as 318 determined from the measured data, was 837, 943, and 760 kg ha -1 , in 2012, 2013, and 2014,
319
compared to the no-biochar plots, respectively (data not shown). But this observed yield increase 320 in the biochar plots is confounded by tillage and thus may not be a true biochar effect (the 321 experimental site was under strict no-till management except for a single roto tillage operation to 322 incorporate the biochar into their respective subplots). In the 2012 and 2013 biochar application 323 years the model showed lower ME compared to their respective controls. Model performance 324 was equal when the 2014 biochar and no-biochar plots were evaluated with the RRMSE of 17% 325 and the ME of 0.5.
327
For the CS rotation the model showed similar results as for the CC system ( Fig. S2 ). Average were lower for the 2012 biochar plots (RRMSE = 13.6% and ME = 0.31) compared to the no-331 biochar controls (RRMSE = 15.8% and ME = 0.62). In the 2013 treatments, the biochar plots 332 showed greater relative model error than the control plots (RRMSE = 15.3% versus RRMSE = 333 15.2%) and lower ME (ME = 0.14 versus ME = 0.52). Indicating that overall model performance 334 is slightly better at estimating corn yields in the control plots then the biochar plots for the CS 
372
The largest simulated effect was a yield decline of 2.6% for the CC system with application of 90
373
Mg ha -1 high C biochar, 0% residue removal, and a fertilization rate of 75 kg N ha -1 (Fig. 3) ,
374
which would put the corn crop under considerable N stress. The 2.6% yield loss equates to a total 375 of 6112 kg ha -1 (97 bu ac -1 ) or an average of 191 kg ha -1 yr -1 (3 bu ac -1 yr -1 ) over the 32-year 376 simulation period.
378
Although the overall effect of biochar on corn yields was small, the model indicated a complex 379 cropping system by N fertilization rate by biochar application rate by residue removal rate 380 interaction. Simulated corn yields for the CC and CS cropping systems showed different trends 381 for residue removal rates for the 75 and 150 kg N ha -1 fertilization rate scenarios (Fig. 3) . For the
382
CC system, the 75 kg N ha -1 fertilization rate without residue removal resulted in the largest 383 yield decline followed by the 90% and then 50% residue removal rates, regardless of biochar 384 application rate. At the same fertilization rate but for the CS rotation system, a residue removal 385 rate of 50% had the largest yield decline followed by the 90% and then 0% residue removal 386 rates, regardless of biochar application rate. At the 150 kg N ha -1 fertilization rate corn yields 387 decreased for all biochar application and residue removal rates compared to the no-biochar 388 control for the CC system. Whereas in the CS rotation system corn yields were positive for the 389 0% and 50% residue removal rates and negative for the 90% residue removal rate regardless of 390 biochar application rate (Fig. 3 ). These differences are attributed primarily to biochar and crop 391 residue effects on N immobilization/mineralization with a lesser effect due to soil water.
392
Specifically, the model predicted that biochar applications would decrease N availability to the 393 crop while the labile C in biochar is being decomposed due to N immobilization. The effect of biochar treatments on corn yields was positive at the 225 kg N ha -1 fertilization rate regardless of 395 biochar application and residue removal rates (Fig. 3) . At the 225 kg N ha -1 fertilization rate, N 396 availability is no longer limiting to crop growth and hence the positive aspects of biochar on soil 397 quality boost yields.
399
The high and low C biochar treatments had similar effects on simulated corn yields with only a 400 decreased magnitude of change relative to the control observed for the low C biochar compared 401 to the high C biochar treatments (Fig. 3 ). When the low C biochar type was applied the greatest 402 yield decline was less than 2% in the CC system scenario of 75 kg N ha -1 , 0% residue removal,
403
and 90 Mg ha -1 biochar (Fig. 3) . The difference is attributed to the lower C:N ratio of the low C 404 biochar relative to the high C:N ratio of high C biochar, which means less N immobilization 405 during decomposition of the low C biochar relative to the high C biochar. The simulations showed similar patterns for NO 3 leaching as were observed for corn yields (Fig.   416  4) . Simulation results indicate that application of both the high and low C biochars decreased 417 NO 3 leaching through the root zone (NO 3 leached below 1.5 m) for all N fertilization and residue 418 removal rates and for both cropping systems (Fig. 4) . The percent reduction in NO 3 leaching 419 attributed to the biochar treatments relative to the no-biochar controls increased with the N 420 fertilization rate and the amount of biochar applied. The maximum impact on NO 3 leaching for 421 both cropping systems was a reduction of about 10% when the low C biochar was applied and a 422 nearly 20% reduction when the high C biochar was applied (Fig. 4) . This difference is attributed 423 to the C:N ratio of the biochar and the availability of biochar C for N immobilization.
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425
Residue removal decreased NO 3 leaching for the 75 and 150 kg N ha -1 N fertilization rates, by 426 contrast residue removal increased NO 3 leaching for the 225 kg N ha -1 fertilization rate (Fig. 4) .
427
These differences are attributed to N being limiting to the crop at the 75 and 150 kg N ha -1 428 fertilization rates, so as more residue is removed the availability of N increases, enhancing root The 32-year simulation indicates that biochar applications, biochar type, and residue removal 440 rate have large impacts on SOC levels while cropping system, and N fertilization rate have 441 relatively small effects on SOC levels (Fig. 5 ). There was a direct relationship between biochar 442 application rate and the increase in SOC content at the end of the 32-year simulation. For the no- The cost-benefit analysis indicated that sufficient N is needed to ensure a positive net benefit 459 from biochar applications. If the crop is already short on N, a biochar application will exacerbate 460 the N shortage resulting in a significant yield drag, or lower yield relative to prevailing practices (Tables S5, S6 , and S7). The assessment of 461 private benefits indicated that as residue removal rates increase both the corn crop revenue and 462 stover sale value increase (Tables S5, S6 , and S7). When the N rate is low the corn crop revenue 463 is negative relative to the baseline but as stover removal rate increases the value becomes less 464 negative, while at higher rates of N, the corn crop revenue is positive and increases with 465 increasing biochar application rate (Tables S5, S6 , and S7). Also, the net private benefits are 466 boosted significantly as residue removal rate increases due to a higher value from the sale of corn 467 stover, which at the same time diminishes the value of crop yield enhancements. While some scenarios without biochar reveal a yield revenue decline due to residue removal, it is outweighed by the private value of stover sale. However, we do not consider potential future crop yield losses, especially in the continuous corn production system, due to the depletion of soil organic matter resulting from continuous residue removal without Our results reveal that the public benefits of biochar application, when coupled with the ability to 470 harvest more crop residue, significantly outweigh the private benefits enjoyed by the farmer 471 ( Figs. 6 and S1) . Importantly, the global public benefits are overwhelmingly driven by the benefits from 472 reduced CO 2 emissions, especially for scenarios with higher biochar application rates and higher 473 stover removal rates. In fact, at 50 or 90% residue removal rates, the public benefits from the 474 reduction in NO 3 leaching are substantially lower than the benefits that result from avoided CO 2 475 emissions (Tables S5, S6, and S7). It is important to note that the public benefits of reduced nutrient runoff and carbon emissions are often external to farmers' biochar adoption and application decisions, unless they are recognized and monetized in the form of cost-share funding for farmers or market price premiums for farmers preserving long-term health via biochar application In this study, the private benefits alone were not sufficient to guarantee a positive net private return from biochar application.
477
Furthermore, the marginal public benefit of reducing CO 2 emissions due to additional biochar 478 application is stagnant or lower; in other words, a higher biochar application rate actually causes 479 a lower maximum price a farmer could afford to pay for biochar. In contrast, a higher biochar 480 application rate leads to a greater reduction in NO 3 leaching, while residue removal reduces NO 3 481 leaching when N is insufficient for crop needs but increases NO 3 leaching when N is sufficient to 482 meet crop needs.
485
The breakeven price, both public and private, for farmers applying biochar increases as residue 486 removal rates increase and decreases as biochar application rates increase for both cropping 487 systems and high and low C and C:N ratio biochars. Lastly, results show that a high C and C:N 488 ratio biochar results in greater benefits then a low C and C:N ratio biochar across all scenarios 489 (Figs. 6 and S1; Tables S5, S6, and S7). 
501
This is the first study that evaluates the long-term (32-years) effect of a set of management 502 practices (biochar application rates x biochar types x N fertilization rates x residue removal 503 practices) on agro-ecosystem and economic performance for decision-making purposes. In the 504 era of corn stover residue harvesting for bioenergy production it is critical to determine the 505 environmental and economic trade-offs of various management strategies to ensure long-term 506 system sustainability. Our results suggest that a single application of 22 Mg ha -1 biochar can 507 support the sustainability of harvesting >50% corn residue annually for 32 years. Here 508 sustainability means that SOC levels increased and NO 3 leaching decreased when biochar was 509 applied relative to no-biochar controls. 
524
The model showed generally good agreement with measured SOC levels for both plots with and 525 without biochar (Fig. 2) . The models response to biochar application was an immediate increase 526 in SOC levels (Fig. 2) . The biochar used during model performance evaluation was a high 527 carbon hardwood biochar (76% C) that also had a high C:N ratio of 232:1. Thus, the immediate 528 increase in the predicted SOC values was not surprising. The rate of increase and the duration of 529 the higher SOC levels simulated by the model will change if a low carbon biochar is used. This 530 is why it was important to consider the impacts of applying two different types of biochar in the 531 scenario analysis. In this study, the priming coefficient in the biochar model was set to zero,
532
which is the baseline assumption that biochar neither stimulates degradation of biogenic SOM 533 nor does it enhance the formation of new biogenic SOM. We used a value of zero for the priming 534 coefficient because the literature on the effects of biochar on SOM formation/mineralization is so 535 far inconsistent. The fact that simulated and measured SOC values followed the same trends 536 suggests that the priming effect of biochar was negligible in our study, but more research on 537 biochars effect on priming is needed. The long-term APSIM simulations revealed a range of options for decision makers to consider.
542
The negligible effect of biochar applications on corn yields and the observed increasing corn 
564
The observation that residue removal decreases NO 3 leaching for the two lower N fertilization 565 rates (75 and 150 kg N ha -1 ) but increases NO 3 leaching for the higher fertilization rate (225 kg N 566 ha -1 ) (Fig. 4) is attributed to the combined effects of the biochars C:N ratio and the amount of 567 residue remaining as well as residue impacts on soil cover and soil water evaporation. When a 568 biochar with a high C:N ratio is applied and there is greater residue left on the field, top soil N 569 immobilization limits NO 3 leaching (Fig. 4) . When N fertilizer is already limiting, in the case of 570 the 75 and 150 kg N ha -1 rate scenarios, and more residue is removed, a smaller fraction of N is 571 immobilized. This lower rate of N immobilization means more N is available to the plant 572 stimulating root growth, better root growth improves the efficiency of plant N uptake and 573 reduces NO 3 leaching. However, when N is present in excess (225 kg N ha -1 rate scenario), root 574 growth is not limited by N, and hence there is no improvement in N uptake efficiency, however 24 575 higher levels of residue increase N immobilization and thus NO 3 leaching is reduced with 576 decrease residue removal. When biochar has a low C content and a low C:N ratio, the effects of a 577 biochar application on N immobilization are significantly lower (Fig. 4) . Therefore biochar 578 quality also has a big effect on N availability and potentially crop growth and yield.
580
Overall, the results of these scenario simulations highlight the importance of evaluating biochar The cost-benefits analysis assumed that if farmers could purchase biochar for the 588 breakeven price in a given scenario they could afford to pay for biochar, hence the 589 breakeven price is a crude measure of the farmer's maximum willingness to pay to apply 590 biochar. Considering private benefits alone, under current prevailing management practices that 591 include no residue removal, it is difficult to justify the procurement and application of biochar. Across all scenarios the application of biochar appeared to be more beneficial in the CC system compared to the CS rotation system, which may be linked to a lower N application rate in the CS rotation system due to soybeans ability to fix nitrogen during the growing season, and thus less 608 NO 3 leached from the system. Under prevailing nitrogen application rates in central Iowa a yield 609 drag is unlikely with biochar applications, however, a higher initial nitrogen application rate 610 immediately after biochar application is recommended.
612
The private benefits were predominantly driven by yield gains when N was sufficient, which 613 tended to be minimal compared to the potential public benefits that would result from increasing 22417 -89666 fraction carbon in biochar (0-1) 0.76 0.46 fraction of biochar lost during application (0-1) 0.02 0.02 mean residence time for labile biochar pool (years) 1 1 mean residence time for resistant biochar pool (years) 500 500 biochar labile fraction (0-1) 0.13 0.11 fraction of decomposed biochar that goes to OC pools (0-1) (biochar efficiency) 0.4 0.4 fraction of decomposed biochar that goes to biom (0-1) 0.05 0.05 biochar CN ratio 232 76 sand (0-1) 0.46 0.46 clay (0-1) 0.24 0.24 priming coefficient for biom pool (-1 to 1) use 0.05 0 0 priming coefficient for hum pool (-1 to 1) use 0.05 0 0 priming coefficient for cell pool (-1 to 1) use 0.08 0 0 priming coefficient for carb pool (-1 to 1) use 0.08 0 0 priming coefficient for lign pool (-1 to 1) use 0.08 0 0 negative priming coefficient for internal C partitioning (use 0.1 for 0 0 20 Mg), biom negative priming coefficient for internal C partioning (use -0.1), 0 0 biom negative priming for internal C partitioning (use 0.1 for 20 mg),fom 0 0 negative priming for internal C partitioning (use -0.1 for 20 mg), 0 0 fom C/N ratio of biom pool: Table S4 . Changes made to the B_110 maize cultivar during model calibration. Units of growing degree days (GDD).
Description
Original value Updated value Emergence to end of juvenile (GDD) 214 250 Flowering to maturity (GDD) 885 820 Flowering to start of grain fill (GDD) 150 170 Maturity to ripening (GDD) 1 180 Table S5 . Results of the cost-benefit analysis when biochar application rate changes and no residue is removed. Values are relative to the baseline scenarios of 225 kg N ha -1 and 150 kg N ha -1 for the CC and the CS rotation systems, respectively, with no residue removal, and no biochar. Table S6 . Results of the cost-benefit analysis when biochar application rate changes and 50% of the residue is removed. Values are relative to the baseline scenarios of 225 kg N ha -1 and 150 kg N ha -1 for the CC and the CS rotation systems, respectively, with no residue removal, and no biochar. Biochar application (Mg ha -1 ) and N fertilization (kg N ha -1 ) Fig. S1 . Net private and net local (Iowa) public benefits for the CC and the CS rotation systems for different biochar application rates, 0% residue removal, and when a high C biochar (blue bars) and low C biochar (red bars) is applied. Values are relative to the baseline scenarios of no biochar, 0% residue removal, and 225 kg N ha -1 and 150 kg N ha -1 for the CC and the CS rotation systems, respectively. 
